Accurate segregation of chromosomes, essential for the stability of the genome, depends on 'bi-orientation'-simultaneous attachment of each individual chromosome to both poles of the mitotic spindle 1 . On bi-oriented chromosomes, kinetochores (macromolecular complexes that attach the chromosome to the spindle) reside on the opposite sides of the chromosome's centromere 2 . In contrast, sister kinetochores shift towards one side of the centromere on 'syntelic' chromosomes that erroneously attach to one spindle pole with both sister kinetochores. Syntelic attachments often arise during spindle assembly and must be corrected to prevent chromosome loss 3 . It is assumed that restoration of proper centromere architecture occurs automatically owing to elastic properties of the centromere 1, 2 . Here we test this assumption by combining laser microsurgery and chemical biology assays in cultured mammalian cells. We find that kinetochores of syntelic chromosomes remain juxtaposed on detachment from spindle microtubules. These findings reveal that correction of syntelic attachments involves an extra step that has previously been overlooked: external forces must be applied to move sister kinetochores to the opposite sides of the centromere. Furthermore, we demonstrate that the shape of the centromere is important for spindle assembly, because bipolar spindles do not form in cells lacking centrosomes when multiple chromosomes with juxtaposed kinetochores are present. Thus, proper architecture of the centromere makes an important contribution to achieving high fidelity of chromosome segregation.
Kinetochores on bi-oriented chromosomes are positioned on the opposite sides of the centromere 2 . However, during mitotic spindle formation both sister kinetochores sometimes attach to the same spindle pole, becoming 'syntelic'. Under this condition, microtubule-dependent forces shift sister kinetochores to the same side of the centromere. Because syntelic attachment would lead to aneuploidy, this configuration is not stable 4, 5 . Kinetochore fibres (K-fibres) on syntelic chromosomes depolymerize so that the chromosome moves to the spindle pole where at least one of the two kinetochores detaches from microtubules [6] [7] [8] . Detached kinetochores can then connect to microtubules from the opposite spindle pole to achieve proper bi-orientation. However, for this mechanism to work properly the shape of the centromere must be restored such that sister kinetochores return to opposite sides of the centromere. It is generally assumed that this occurs automatically owing to elasticity of chromatin 9, 10 . However, this assumption has not been tested. Mammalian cells treated with monastrol, a small-molecule inhibitor of the molecular motor Eg5 (kinesin-5), arrest in mitosis with monopolar spindles 11 . Up to 70% of chromosomes in these cells are syntelic 11, 12 . We reasoned that if restoration of proper centromere architecture occurs automatically then kinetochores on syntelic chromosomes should spring back to the opposite sides of the centromere if microtubules are rapidly depolymerized. However, kinetochores will remain juxtaposed under these conditions if their repositioning on the centromere requires microtubule-based forces (Fig. 1a) . We treated PtK 1 (female rat kangaroo kidney epithelial) cells that constitutively express a c-tubulin-green fluorescent protein (GFP) 13 with 100 mM monastrol for 30-60 min. Mitotic cells with monopolar spindles were visualized by differential-interference contrast (DIC) microscopy and followed for 10-15 min (1 image every 30-60 s). Then, in addition to monastrol, the cells were treated with 5 mM return to opposite sides of the centromere in the absence of microtubules. a, A schematic representation of the experiment. Cells treated with monastrol form monopolar spindles with a high incidence of syntelic chromosomes; both sister kinetochores (red) on these chromosomes are positioned side-by-side and connected to the centrosomes (light brown) by microtubule bundles (green). If microtubules are depolymerized in monastrol-treated cells, kinetochores should remain juxtaposed if the chromosome's centromere is malleable (or plastic) (top diagram) or return to the opposite sides if the centromere is spring-like (that is, elastic) (bottom diagram). b, Surface-rendered serial-section chromosome reconstruction from a cell assayed as described in a. Despite complete lack of microtubules, both sister kinetochores (arrows) remain juxtaposed (electron microscopy sections are presented in Supplementary Fig. 1 ). nocodazole, which completely depolymerizes microtubules in mitotic cells in ,3 min (Supplementary Fig. 1 ). The cells were imaged for another 30-45 min and then fixed for electron microscopy. This approach ensured that electron microscopy analyses were conducted on cells exposed to nocodazole only after they had formed monopolar spindles and accumulated syntelic chromosomes in the presence of monastrol.
Serial-section electron microscopy reconstructions revealed that sister kinetochores on many chromosomes resided on the same side of the centromere (Fig. 1b, and Supplementary Fig. 2 ). The frequency of chromosomes with juxtaposed kinetochores was estimated via three-dimensional fluorescence microscopy ( Fig. 2) . Visual inspection revealed that sister kinetochores were positioned on the same side of the centromere (within an ,90u segment) on ,50% of chromosomes in cells with monopolar spindles. This frequency did not change in cells that were additionally treated with nocodazole, suggesting that once displaced to the same side of the centromere (owing to syntelic attachment), kinetochores do not return to the opposite sides of the centromere on microtubule depolymerization. Further, the average distance between sister kinetochores measured in threedimensional fluorescence light microscopy revealed that sister kinetochores resided closer to one another in monopolar spindles than in prophase cells and this distance did not change on microtubule depolymerization (Fig. 2) . Thus, restoration of proper centromere organization during correction of syntelic attachments is not achieved through elastic recoil, but requires external forces.
Forces responsible for straightening the sister-kinetochorecentromere axis can be generated when one kinetochore on a formerly syntelic chromosome captures astral microtubules from one spindle pole while its sister connects to the other pole. The formation of astral microtubules depends on centrosomes. Therefore, we tested if correction of syntelic attachments occurs in the absence of centrosomes by ablating these organelles with a laser microbeam 14, 15 (N 5 12). Astral microtubules disappear in 3-5 min after centrosome ablation 15 . On monastrol washout in cells without microtubule asters, chromosomes remained disorganized, moving intermittently in random directions for ,1 h (Fig. 3a) . Immunofluorescence analyses (N 5 20) revealed a highly disorganized microtubule pattern (Fig. 3b) . Prominent bundles of microtubules (K-fibres) emanated from the chromosomes and converged on numerous small foci (5-10 foci per cell). These foci were not c-tubulin-positive but contained highly concentrated NuMA-a large protein responsible for spindle pole focusing 16 . Despite the lack of an organized mitotic spindle, ,1 h after centrosome ablation and monastrol washout, sister chromatids separated and exhibited short directed movements resembling anaphase motion. The extent of these movements was limited to 2-3 mm along different directions. As a result, chromatids remained in a single group and ultimately reconstituted a single nucleus.
Serial-section electron microscopy analyses of four acentrosomal cells fixed 1 h after monastrol washout revealed that sister kinetochores often remained on the same side of the centromere. K-fibres attached to these kinetochores were oriented parallel to each other (Figs 3d, and Supplementary Fig. 3 ). All kinetochores, whether juxtaposed or properly positioned, were associated with prominent K-fibres. Thus, in the absence of centrosomes, restoration of proper centromere organization and spindle bipolarization are impeded. In sharp contrast, monastrol-induced monopolar spindles consistently bipolarize in cells with centrosomes in ,1 h 6,12 . Kinetochores can attach to spindle microtubules either by capturing centrosome-generated astral microtubules 17 or by developing their own K-fibres 12, 18, 19 . In the latter case, K-fibres formed by juxtaposed sister kinetochores would be oriented parallel to one another, whereas K-fibres formed by sister kinetochores on a properly organized centromere extend in opposite directions. Thus, the shape of the centromere can be a major factor in spindle formation: proper centromere organization should promote bipolarity, whereas juxtaposed sister kinetochores should impede it. The effects of centromere architecture on spindle formation should be particularly prominent in the absence of centrosomes, when changes in the shape of centromeres induced by syntelic attachments cannot be restored. To test this idea, we examined whether a functional bipolar spindle can form via acentrosomal pathways in cells with multiple juxtaposed sister kinetochores. We treated PtK 1 cells with monastrol to accumulate syntelic chromosomes, then ablated both centrosomes and depolymerized microtubules with nocodazole 14, 15 . Nine of twelve cells failed to assemble a bipolar mitotic spindle when both drugs were washed out (Fig. 4a, Table 1 ). In contrast, if centrosomes were ablated during prophase and cells were treated with monastrol and nocodazole before nuclear envelope breakdown (when the vast majority of sister kinetochores are on opposite sides of the centromere, Fig. 2 ), they formed a functional spindle on drug washout (Fig. 4b, Table 1 ). For these two types of experiments cells were treated with the same combination of drugs. Nevertheless, the results were dramatically different, indicating that the effect was specific to the difference in the architecture of centromeres. Furthermore, centrosomal cells consistently formed a bipolar spindle after consecutive treatment with monastrol and nocodazole, indicating that restoration of properly shaped centromeres allows chromosomes to achieve bipolarization ( Supplementary Fig. 4, Table 1 ).
Although cells with properly organized centromeres were able to form functional mitotic spindles in the absence of centrosomes, many of these cells contained syntelic chromosomes at anaphase onset (Fig. 4b, Table 1 ). Syntelic chromosomes were also consistently present at anaphase onset if cells were treated with nocodazole alone, remain juxtaposed on monastrol washout in the absence of centrosomes. a, Both centrosomes in a monastrol-induced monopolar mitosis were ablated (arrows in 215 min and 214 min frames), then monastrol was washed out and the cell followed by time-lapse DIC microscopy. The cell did not organize a bipolar spindle for more than an hour, at which point cohesion between sister chromatids was lost (1 h 14 min) and the cell exited mitosis. Although individual sister chromatids attempted to move away from one another, the extent of their movement was not sufficient to form discrete chromosome groups (1 h 19 min) . A single daughter cell with one nucleus was formed on completion of mitosis (2 h 39 min). b, Distribution of microtubules, chromosomes and NuMA in acentrosomal cells shortly before anaphase onset (45-60 min after monastrol washout). Prominent bundles of microtubules (K-fibres) were associated with all chromosomes. These K-fibres were not organized in a bipolar spindle but converged on multiple small centres that contained elevated amounts of the spindle-pole protein NuMA. All images are maximal-intensity projections through the entire cell. c, Schematic representation of the spindle reorganization that occurs in monastrol-induced monopolar mitoses after ablation of the centrosome and monastrol washout. d, Surface-rendered model of a centromere from a cell fixed 60 min after monastrol washout. Sister kinetochores remained juxtaposed and attached to prominent microtubule bundles, which terminated inside the kinetochore (original electron microscopy data are presented in Supplementary Fig. 2) . Both centrosomes were ablated (arrows in 235 min and 234 min), after which point the cell was treated with 5 mM nocodazole in addition to monastrol. Thirty minutes after addition of nocodazole, both drugs were washed out. Time-lapse DIC microscopy revealed that chromosomes remained disorganized in the cytoplasm experiencing short erratic movements for approximately 45 min. Then cohesion between sister chromatids was lost (43 min and 45 min). Although the cell attempted to undergo cytokinesis, furrowing activity was disorganized (53 min-1 h 9 min) and all furrows ultimately failed so that mitosis resulted in a single daughter cell with a complexly shaped nucleus (arrow in 1 h 53 min). b, Mitosis in a cell where both centrosomes were ablated during late-G2-early-prophase (arrows in 251 min and 250 min). Then, during late prophase, the cell was treated with 5 mM nocodazole and 100 mM monastrol (228 min-0 min). The cell entered mitosis 10 min after addition of the drugs (218 min) and chromosomes become scattered in the cytoplasm. On washout of the drugs (0 min), the cell assembled a bipolar mitotic spindle (13 min-34 min) and successfully divided into two daughter cells (37 min-1 h 14 min). However, notice that anaphase was initiated in the presence of two syntelic chromosomes (arrows in 13 min and 34 min). Shown are maximal-intensity projections of three-dimensional GFP fluorescence data sets and selected frames from the DIC time-lapse recording.
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LETTERS then the centrosomes were ablated and nocodazole washed out ( Supplementary Fig. 5 , Table 1 ). These observations are consistent with our hypothesis that correction of syntelic attachments is impeded in the absence of astral microtubules. Intriguingly, the presence of multiple syntelic chromosomes did not prevent mitotic exit. It is unlikely that the centromere is under tension when sister kinetochores are juxtaposed because the distance between them does not change on loss of microtubule attachments. These observations support the notion that, in contrast to lower eukaryotes 20, 21 , the spindle assembly checkpoint in mammals is satisfied in the absence of tension as long as all kinetochores are attached to microtubules [21] [22] [23] [24] . Consistent with this hypothesis, immunofluorescence analyses demonstrated that the checkpoint protein Mad2 was present on multiple kinetochores in acentrosomal cells soon after monastrol washout, but gradually disappeared before the cells exited mitosis, in spite of insufficient sister kinetochore separation ( Supplementary Fig. 6 ).
Intuitively, it seems that flexible centromeres would be disadvantageous to the cell. However, this feature can be important for promoting chromosome congression. Most mono-oriented chromosomes congress to the spindle equator within minutes, after nuclear envelope breakdown. However, sometimes mono-oriented chromosomes are seen to remain in the vicinity of the pole for up to several hours 24, 25 . Electron microscopy analyses demonstrated that these persistently mono-oriented chromosomes are 'monotelic'-they are attached to the proximal spindle pole with one kinetochore, whereas the second kinetochore is positioned on the opposite side of the centromere 25, 26 . In this configuration, the chances of the unattached kinetochore encountering microtubules coming from the distal pole are negligible. In contrast, mono-oriented chromosomes with juxtaposed sister kinetochores can efficiently congress to the spindle equator by sliding on K-fibres of other already-bi-oriented chromosomes 27 . During this type of congression the leading kinetochore is oriented towards the distal spindle pole, maximizing its chances to capture an astral microtubule and become attached. In this respect, syntelic chromosome attachments may serve as an efficient intermediate step towards bi-orientation.
Achieving chromosome bi-orientation depends on a complex interplay between mechanisms intrinsic to the centromere and those that act externally. The former include aurora-kinase/kinesin-13-mediated destabilization of K-fibres and release of erroneously attached chromosomes [6] [7] [8] . Activation of these mechanisms is a necessary first step in the correction of chromosome mis-orientation. However, we demonstrate here that in the absence of external forces needed to restore centromere architecture, centromere-intrinsic mechanisms are not sufficient. Our findings imply that mechanical properties and the shape of the centromere play an important part in the fidelity of chromosome segregation.
METHODS SUMMARY
Detailed layout of our laser microscopy workstation has been described elsewhere 28 . In brief, 8-ns pulses of 532-nm light from Nd:YAG laser (Diva II) were focused with the same 1003 1.4 PlanApo objective lens that was used for observations. It takes ,10-20 pulses to completely destroy the centrosome in PtK cells during mitosis. Fluorescence images presented in the manuscript are maximal-intensity projections of complete Z-series through the cell. DIC images are single Z-planes.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 14 . { Six of these cells contained one or more syntelic chromosomes at anaphase onset. { Previously published data 11, 12 .
1 Five of these cells contained one or more syntelic chromosomes at anaphase onset. Two of these spindles were tripolar and the other six were bipolar.
